ABSTRACT: Because of their high toxicity, lead-based materials in electronic devices must be replaced by lead-free piezoelectric materials. However, some issues remain that hinder the industrial applications of these alternative ceramics. Here, we report the construction of a 0-3-type ceramic composite (KNNS-BNKZ: xZnO), where the Sb-doped ZnO sub-micronic particles were randomly distributed throughout the potassium-sodium niobate-based ceramic matrix. In this KNN-based ceramic composite, superior temperature stability, excellent piezoelectric properties, and a high Curie temperature were simultaneously achieved. The unipolar strain varied from +20% to -16% when the temperature was increased from 23 showed that the compensatory electric fields generated by the Sb-doped ZnO sub-micronic particles were responsible for the improved temperature stability. The high piezoelectricity was due to the existence of nanodomains, which were clearly observed in the TEM experiments. The results presented in this work clarify some of the physical mechanisms in this KNN-based ceramic composite, thus advancing the development of lead-free ceramics.
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INTRODUCTION
Lead-free piezoceramics based on potassium-sodium niobate, i.e., (K,Na)NbO 3 or "KNN", are considered one of the most promising materials to replace the lead-based ceramics widely used in electronic devices. They have been extensively studied for more than five decades. [1] [2] [3] [4] [5] [6] In 2004, a large piezoelectric coefficient (d 33 ) of ~416 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 pC/N was observed in highly textured (K,Na,Li)(Nb,Ta,Sb)O 3 ceramics fabricated by the reactive-templated grain growth (RTGG) method. 6 However, the RTGG method is not suitable for industrial applications owing to the complicated fabrication process and high cost. 6 Ten years later, our group reported a giant d 33 in KNN-based ceramics synthesized using the conventional solid-state method. 7, 8 This strong piezoelectric effect was mainly attributed to the appearance of a new phase boundary, the R-T phase boundary. Recently, an ultrahigh d 33 of 700 pC/N was reported in highly textured KNNS-CZ-BKH ceramics with coexisting rhombohedral (R) and orthorhombic (O) phases. 9 Although these pronounced properties have been successfully obtained in lead-free KNN-based piezoceramics, some tough issues remain that hinder their industrial applications. 5 One of the main issues is the strong temperature dependence of their piezoelectric properties, which is an intrinsic drawback of materials with polymorphic phase transition (PPT). indicating that the enhanced piezoelectricity in KNN-based ceramics comes at the cost of reducing their T c values that determine the maximum operation temperature in applications. 2,10,11 Therefore, a better understanding of the physical mechanisms ceramics will pave the way to simultaneously enhanced temperature stability, large d 33 , and high T c in KNN-based ceramics.
The poor temperature stability of KNN-based ceramics is attributed to PPT (e.g., an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ZnO semiconductor, possessing a polarity and piezoelectricity, was widely used to modify the piezoceramics' microstructure and electrical properties, which acted as a sintering aid, substitution additive and composite ceramics' enhancer. 19, [20] [21] [22] Particularly, the recent studies showed that composites comprised of lead-free piezoceramics and ZnO semiconductor significantly outperformed other lead-free piezoelectric ceramics in terms of temperature stability. [20] [21] [22] For instance, the depolarization temperature (T d ) of 0.94Bi 0.5 Na 0.5 TiO 3 -0.06BaTiO 3 :xZnO (0.94BNT-6BT:xZnO) ceramic composites increased with increasing ZnO and disappeared at 30 mol% ZnO, greatly improving the temperature stability. 21 A compensatory polarization electric field induced by the ZnO sub-micronic particles was deemed the origin of the improved temperature stability. 21 In addition, the thermal stability of a pure KNN ceramic was improved by adding ZnO sub-micronic 
RESULTS AND DISCUSSION

Identification of KNNS-BNKZ: xZnO ceramic composite
Here, we present evidence of the structure of the KNNS-BNKZ: xZnO ceramic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The CBED patterns were obtained from different areas. Generally, the piezoelectric response of KNN-based ceramics improves when the ambient temperature approaches the orthorhombic-tetragonal (O-T) and rhombohedral-tetragonal (R-T) phase transition temperatures. 29, 30 In our study, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Here we propose a rational physical mechanism behind the improved temperature stability [ Fig. 6 ]. Before applying the electric fields, the Sb-doped p-type ZnO sub-micronic particles were randomly embedded within grains of the KNNS-BNKZ ceramic matrix [ Fig. 6(a) ]. After applying an electric field (i.e., poling electric field, poling E), the Sb-doped p-type ZnO sub-micronic particles will generate a Schottky barrier. And then, Schottky barrier will produce a local electric field (i.e., local E) that has a very similar direction to that of poling E [ Fig. 6(b) ]. Subsequently, such a local E will reinforce the local polarization of KNNS-BNKZ ceramic matrix in the proximity, to some extent [ Fig. 6(b) ]. Because KNNS-BNKZ ceramic matrix is insulating, the Schottky barrier will preserve until the charge could be thermally removed, resulting in the enhanced temperature stability. Therefore, such a local electric field induced by the Schottky barrier of Sb-doped p-type ZnO sub-micronic particles stabilized the local polarization of the matrix, thereby improving the temperature stability. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 whereas the contrary variation is observed in the content of T phase. It was reported that both tetragonality ratio (c/a) and content of T phase affected the piezoelectricity of both Pb-based and Pb-free piezoceramics. [35] [36] [37] Specifically, the larger piezoelectricity can be observed in the ceramics with higher tetragonality ratio (c/a) and more content of T phase, owing to the close relationship between local structure and piezoelectricity. [35] [36] [37] Therefore, the reduced tetragonality ratio (c/a) can be compensated by the increasing content of T phase, resulting in the slightly increased , which was also observed in ZnO-doped KNL-NTS ceramics. 35 It should be pointed out that such a replacement has a limitation, resulting in a critical point at x=1.0 beside which two different increasing rates of T c were observed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and 90 o domains, respectively. 38 Lamellar domains were previously observed in Pb-based and Pb-free materials with exceptional piezoelectric properties. 39, 40 We observed submicron-domain structures with stripes at the 200 nm scale within the ellipse in Fig. 8(a) , as indicated by the white solid line. The figure shows that the submicron-domain structure was constructed from nanodomains ~20 nm across and in a hierarchical distribution that was regarded in past reports as the origin of the piezoelectric properties in Pb-based and Pb-free piezoceramics. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   18 size brings in two effects. On the one hand, the slightly increased grain size will generate the larger domain structure, leading to the occurrence of more hierarchies that contain more nano-domains. 39, 40 On the other hand, the enhanced domain switching and reduced residual stress are achieved owing to the slightly increased grain size. 43 Considering the easy switching of nano-domains under an applied electric field, both effects, therefore, can promote the piezoelectric properties. [38] [39] [40] [41] [42] [43] While, diminishing domain structures, low T phase content and small tetragonality 
CONCLUSIONS
We achieved superior temperature stability, excellent piezoelectric properties (large But even more importantly, we identified the nanodomain structures and multiphase coexistence as the origins of the high piezoelectric response via TEM. Clear images of the ceramic composite structure were obtained from the HR-TEM and CBED patterns.
Sb-doped p-type ZnO sub-micronic particles were clearly identified by the SAED pattern, which presented a wurtzite phase structure, and the CBED patterns revealed the R-T phase coexistence in the KNNS-BNZK ceramic matrix. Due to the R-T phase coexistence, the ferroelectric domain structures had shrunk down to the nanoscale.
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